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Introduction
Patients with renal impairment have a high risk of potassium imbalance. Dyskalemia, both hyperkalemia and hypokalemia, can be responsible for the high prevalence of cardiovascular disease and even sudden death in dialysis patients by causing life-threatening cardiac arrhythmias. In the 4D trial, a study of diabetic patients undergoing hemodialysis (HD), the most common cause of death was not myocardial infarction, but sudden cardiac death, secondary to fatal arrhythmias [1] .
While end-stage renal disease (ESRD) patients are prone to potassium imbalances, the presence of dyskalemia depends on the dialysis modality. In HD patients, most previous reports have demonstrated that hyperkalemia is relatively common and fatal [2, 3] . The Dialysis Outcomes and Practice Patterns Study database revealed that 6.3-20.0% of HD patients had serum potassium levels of more than 6 mmol/L at pre-dialysis [4] . This wide range can be attributed to ethnic differences. Likewise, the association between serum potassium and mortality also varies according to patient ethnicity [2, 5, 6] . In the Caucasian and African-American populations, hyperkalemia was associated with higher all-cause and cardiovascular mortality [2, 5] , whereas in the Chinese population, hypokalemia was associated with elevated mortality in patients undergoing maintenance HD [6] . Different from HD patients, patients undergoing peritoneal dialysis (PD) are more commonly hypokalemic [7] [8] [9] [10] [11] . Furthermore, there is a recognized association between hypokalemia and an elevated risk of death [7, 8] and peritonitis [8] . A recent study showed lower serum potassium level is related to infectious-caused mortality in PD patients [12] .
To date, studies investigating serum potassium levels and mortality according to dialysis modality had some limitations such as retrospective design [2, 7, 13] , single-center cohort [13] , or reduced sample size [6, 8] . The current report represents a prospective, multicenter, observational cohort study, where we extensively explored the association between serum potassium and mortality according to the modality of dialysis.
Materials and methods

Study participants
This investigation was based on a prospective, multicenter, cohort study using the database maintained by the Clinical Research Center for End Stage Renal Disease patients (CRC-ESRD) in Korea. The nationwide multicenter cohort was initiated for the purpose of improving survival rates and quality of life in ESRD patients. The CRC-ESRD cohort website incorporates all clinical outcomes and information from each center including cause of death and laboratory data. All participants provided their written consent to participate voluntarily in this cohort. This investigation was registered as a clinical trial (NCT00931970). Seoul National University Hospital Institutional Review Board approved with IRB number H-0905-047-281 between  June 2009 and April 2015 and with IRB number H-1606-098-771 between May 2016 and June  2017. Between August 2008 and October 2013, a total of 3,230 adult (age > 20 years) patients with ESRD, from over 31 hospitals and clinics across Korea, were registered in the CRC-ESRD cohort with informed consent; there were 2,078 HD patients and 1,152 PD patients. The cohort included participants who had progressed to ESRD and started incident dialysis just before enrolment in the study (n = 1,591), as well as prevalent dialysis patients, who had already been on dialysis for more than 3 months previous to enrolment in the study (n = 1,639). The patients who changed dialysis modality after registration were excluded from our analysis.
Selected variables
The clinical data was collected in the form of web-based medical questionnaires. Well-trained data coordinators filled the questionnaire items by reviewing medical records or by in-person interviews. Pre-existing comorbidity data were obtained to calculate the Modified Charlson Comorbidity Index (MCCI). Various dialysis-related factors were also recorded, such as ESRD cause and type, as well as duration of dialysis. The cause of the ESRD was classified into 4 broad categories: diabetes; hypertension; glomerulonephritis; and other, which included interstitial nephritis, hereditary disease, neoplasms, and miscellaneous conditions. Dialysis vintage was defined as the duration of time between the first day of dialysis and the day the patient was enrolled in the study. Serum potassium was measured at enrollment and at the 3-month visit, and subsequently every 6 months until year five. Blood tests were performed before dialysis for HD patients, and randomly for PD patients. The representative value of the serum potassium level was calculated as an arithmetic mean of the values recorded over the follow-up years, excluding baseline levels (at the time of enrollment). Moreover, the following parameters representing nutritional status were obtained: body mass index (BMI), subjective global assessment (SGA), serum albumin, hemoglobin, cholesterol, uric acid, alkaline phosphatase, and highly sensitive C-reactive protein (hs-CRP). BMI was calculated as the weight (kg) divided by the square of the height (m). SGA was used to evaluate the overall protein-energy nutritional status, and included 6 subjective assessments, with 3 based on the patient's history (weight loss, incidence of anorexia, and incidence of vomiting) and 3 based on the physician's grading (muscle wasting, presence of edema, and loss of subcutaneous fat). Based on these assessments, each patient was given an SGA score of 1 to 7, as an indication of severe malnutrition, mildmoderate malnutrition, or normal nutritional status. Malnutrition was defined as an SGA score of 1 to 5.
Outcome measurement
The specific cause and date of death for each patient registered in the CRC-ESRD cohort was retrieved from the medical record of the managing hospital and from the Korean National Statistical Office database. Data were recorded until December 2015. All cause-of-death data were recorded with one of the following six categories: cardiovascular, infectious, gastrointestinal, metabolic, other, and unknown. Cardiovascular mortality included myocardial infarction/ ischemia, congestive heart failure, pulmonary edema, sudden cardiac death, and cerebrovascular disorder.
Statistical analysis
To explore the association between serum potassium and mortality in dialysis patients, we fit a restricted cubic spline function. In addition, we stratified patients into subgroups based on the serum potassium levels (K) into 5 categories: K < 3.5 mmol/L; 3.5 K < 4.0 mmol/L; 4.0 K < 4.5 mmol/L; 4.5 K < 5.0 mmol/L; and K ! 5.0 mmol/L. Cumulative incidence curve was compared for each adjacent potassium-based subgroups using Gray's test.
Fine and Gray's regression analyses were used to evaluate the effect of serum potassium levels on mortality in both HD and PD patients. Variables that showed significant associations (P < 0.05) in the univariate Cox regression analysis or were of considerable theoretical relevance were entered into the multivariable Cox regression analysis in a step-wise manner. Model 1 was only adjusted by demographic variables such as age and sex. Model 2 was adjusted by comorbidity status such as MCCI score, in addition to Model 1 variables. Model 3 was additionally adjusted by nutritional and inflammatory markers such as BMI, SGA, serum albumin, alkaline phosphatase, uric acid, phosphorous and calcium. In case of hemodialysis patient, dialysis time per week and Kt/V were also included as adjusting variables in model 3.
Statistical analyses were performed using SAS 9.4 (SAS Institute, Cary, NC) and SPSS 18 (SPSS, Chicago, IL, USA), and statistical significance was defined as a P-value less than 0.05.
Results
Patient characteristics
A total of 3,230 patients were included in the analysis, comprising 2,078 HD patients and 1,152 PD patients. Table 1 shows the demographic, clinical, and laboratory characteristics of our patients at baseline (enrolment in the CRC-ESRD). The distribution of serum potassium levels differed according to the dialysis modality employed (Fig 1) . In PD patients, the overall distribution of serum potassium levels was shifted to the left, and the mean level was significantly lower than that of HD patients (PD: 4.5 ± 0.6 mmol/L; HD: 4.9 ± 0.7 mmol/L; P < 0.001).
Comparison of characteristics according to serum potassium levels
Next, we compared baseline characteristics between the subgroups defined according to serum potassium levels ( Table 2 ). Compared to patients with higher serum potassium levels, those with lower serum potassium levels were older, had more comorbidities (expressed in terms of MCCI), and showed lower serum albumin and serum uric acid levels. However, there was no difference among the subgroups defined according to serum potassium levels regarding BMI, cholesterol levels, or proportion of patients with malnutrition (evaluated in terms of SGA). The proportion of PD patients increased as serum potassium levels decreased (P < 0.001). Interestingly, patients with lower serum potassium levels showed higher crude mortality rate (P < 0.001), in spite of the shorter follow-up duration (P = 0.001) and shorter dialysis vintage (P = 0.044). plays the restricted cubic spline plot that graphically describes the association between serum potassium and overall mortality in the entire study cohort, and in the patient groups defined by dialysis modality. A U shaped curve was found for both the entire study cohort (Fig 2A) and the HD group (Fig 2B) , although, in both cases, the right arm of the curve increased dramatically for serum potassium levels >7.5 mmol/L. On the other hand, the left arm for PD patients showed a significant incline of overall mortality with below 4.5 mmol/L (Fig 2C) . Fig 3 shows the cumulative mortality incidence according to dialysis modality and serum potassium level (K). In both HD and PD patients, there was a significant difference in survival probability among the 5 potassium-based groups (Gray's test, P < 0.001). Lower serum potassium groups show a tendency of higher mortality incidence in both groups. Of note, PD patients showed a significant difference in mortality rate for serum potassium at the level of 3.5 mmol/L and 4.5 mmol/L.
Serum potassium and mortality according to dialysis modality
Survival analysis according to serum potassium level
To explore the effect of serum potassium on all-cause mortality, we performed Fine and Gray's regression analyses. Table 3 summarizes the univariate and multivariable Fine and Gray's regression models according to dialysis modality. In the entire study cohort, serum potassium <4.5 mmol/L was proven to be a significant risk factor for mortality (unadjusted SHR, 1.71; 95% CI, 1.48-1.97; P < 0.001), compared with serum potassium ! 4.5 mmol/L. Even after adjustment of covariables, serum potassium levels <4.5 mmol/L remained an independent risk factor for mortality (adjusted SHR, 1.30; 95% CI, 1.10-1.53; P < 0.001). This relationship was manifested similarly in PD patients (adjusted SHR, 1.35; 95% CI, 1.00-1.80; P = 0.048), but not in HD patients. Because this association between lower serum potassium levels and higher mortality might be affected by nutritional or inflammatory status, we performed the same analysis dissected by age, sex, presence of comorbidities, BMI, SGA, serum albumin, and hs-CRP (Fig 4) . Serum potassium levels below 4.5 mmol/L were associated with elevated mortality especially in older (age ! 60 years), BMI ! 18.5 kg/m 2 and well-nourished patients (SGA 6-7). In addition, lower serum potassium levels had an impact on mortality rate in patients without comorbidities such as diabetes, congestive heart failure, cerebrovascular disease, and arrhythmia. Notably, lower serum potassium levels influenced mortality rates irrespective of the level of serum albumin and hs-CRP.
Causes of death
The cause of death was known only for 440 of the 751 death events recorded. Overall, cardiovascular disease (24.4%) and infection (15.3%) were the major causes of death. The distribution of causes of death was not different according to serum potassium levels, as shown in Fig  5. Because of lots of missing data of cause of death, it was hard to observe any significance between causes of death and serum potassium groups.
Discussion
The results of our current study suggest that hypokalemia is more commonly found in PD patients than in HD patients; moreover, lower serum potassium (< 4.5 mmol/L) is an independent risk factor for mortality in dialysis patients, and this phenomenon is more pronounced for PD patients; finally, the major cause of death in PD patients with lower potassium was cardiovascular death and infection. Lower potassium levels have been suggested as a surrogate marker of malnutrition, possibly related to increased mortality [14] [15] [16] [17] . Malnourished subjects who are identified as having malnutrition, inflammation, and atherosclerosis (MIA syndrome) are common among ESRD patients; MIA syndrome is also known to be related to increased mortality [17] [18] [19] [20] . We may, therefore, suppose that hypokalemia is associated with higher mortality rates due to a lack of nourishment. However, even after adjusting for nutritional factors such as SGA and BMI, lower serum potassium level was still an independent risk factor for mortality in the subgroup analysis.
The naturally emerging question here is: why do PD patients have lower potassium serum levels, and why does lower potassium level itself increase the mortality risk? We can consider that lower serum potassium is induced by glucose absorption from dialysate, resulting in the intracellular uptake of potassium accompanied by insulin release [21] . A muscle biopsy study found increased muscle potassium content in continuous ambulatory peritoneal dialysis patients, supporting this hypothesis [22, 23] . Moreover, residual renal function is much better preserved in PD than HD [24] [25] [26] [27] . The ability to excrete urinary potassium is retained to a higher degree in PD patients.
Moreover, most peritoneal dialysate is a potassium-free solution, whereas the majority of HD patients use a dialysate potassium bath containing a potassium concentration in the range of 1.1 to 2.0 mmol/L [2] . In terms of potassium intake, Asian individuals tend to have a lower potassium intake, expressed in terms of the potassium levels in the urine collected over a period of 24 hours: South Korea, 47.5 mmol/day; China, 33.9 mmol/day; Japan, 40.7 mmol/ day; Taiwan 29.8 mmol/day. For comparison, potassium intake in individuals from Western countries was reported at: United States, 52.4 mmol/day; Italy 56.6 mmol/day; Germany 70.7 mmol/day; United Kingdom, 56.6 mmol/day [28] . These facts can help to explain why PD patients, especially Asian patients, are more likely to experience a hypokalemic condition.
Hypokalemia has been known to play various physiological roles that may contribute to increasing mortality rates. First, there are two major cardiovascular side effects of hypokalemia: hypertension and ventricular arrhythmia. Several lines of evidence revealed that potassium deficiency can increase blood pressure, and this has been shown to be linked to endothelial dysfunction [29] [30] [31] [32] . Therefore, oral potassium supplements have been recommended for the control of blood pressure [33] . Moreover, in patients with cardiovascular disease, hypokalemia is associated with arrhythmia and increased mortality [34] [35] [36] [37] . The direct physiologic mechanism by which hypokalemia increases the risk of cardiovascular events has not yet been determined. However, substantial epidemiologic and clinical evidence supports this hypothesis. The second physiological role of hypokalemia, with respect to endocrinology, is the impairment of both insulin release and end-organ sensitivity to insulin, resulting in hyperglycemia [38] [39] [40] . The incidence of end-organ complications is known to be increased in diabetic patients with hyperglycemia. Controlling hypokalemia, therefore, may decrease adverse endocrinological effects. Third, hypokalemia can result in several muscle-related complications. Specifically, hypokalemia can impair the depolarization development in muscle cells, affecting muscle contraction [41] . Hypokalemia may also affect the smooth muscles of the gastrointestinal tract, leading to decreased appetite and even paralytic ileus [42] , which is possibly related to malnutrition. If lower serum potassium in PD patients has a deleterious effect on survival, efforts to correct serum potassium levels should be considered. A previous propensity-matched study involved an analysis of the effect of oral potassium-supplement use on overall mortality and hospitalization outcomes in patients with chronic heart failure [43] . Because, in such patients, hypokalemia has been known to be associated with increased mortality, the use of supplements was expected to improve outcomes. However, the use of potassium supplements was not found to be associated with reduced mortality, but with increased hospitalization due to cardiovascular causes and progressive heart failure.
In HD patients, there was a report that higher potassium intake is associated with increased mortality [44] . However, the mean value of serum potassium reported in the present study was 4.9 mmol/L. Therefore, the impact of dietary potassium supplements on hypokalemic HD patients could not be determined, as the patients were not prescribed such supplements. In PD patients, potassium supplementation via oral route or dialysate has been undertaken, in addition to rigorous dietary management [42, 45, 46] . Some clinical studies have shown that using glucose-free icodextrin dialysate instead of glucose-containing dialysate improved serum potassium levels and reduced the prevalence of hypokalemia [47, 48] . There have been several trials investigating the maintenance of serum potassium levels within the normal range. However, it remains unknown whether or not correction of hypokalemia improves survival in PD patients. 
Serum potassium and mortality in dialysis patients
The strength of our study lies in the fact that all analyses were performed on data from a large, prospective, nationwide, cohort study, which is regularly (twice a year) monitored using surveys to validate the quality of the data. Thus, we were able to confirm that lower serum potassium is an independent risk factor for mortality in PD patients. Moreover, we found that serum potassium levels do not influence mortality as much in HD patients as in PD patients.
Nevertheless, there are several limitations to be considered regarding the interpretation of the results. First, our study cohort included only 6 PD patients with K > 6.0 mmol/L, of whom only 2 died. Such low prevalence of hyperkalemia in PD patients was also observed in BRAZPD II study [12] . Therefore, there would be insufficient statistical significance in the claim that mortality is low in PD patients with hyperkalemia; the same observation leads to an indication to focus on hypokalemic PD patients, who are far more prevalent and exposed to higher mortality rate. Second, significantly more data regarding cause of death were missing for HD patients (n = 213, 44.7%) than for PD (n = 98, 35.6%). That is to say, it is not relevant to discuss the exact proportion of causes of death according to dialysis modality and serum potassium levels. Third, serum iPTH and magnesium levels were not included as adjusting variables in regression analysis though they have been known as independent risk factor for mortality [49] [50] [51] [52] . Fourth, there can be controversial issues about selection bias not to include The distribution of causes of death in the study patients. In the entire study cohort, the distribution of causes of death was similar for serum potassium levels below and above 4.5 mmol/L. However, subsequent analysis established that patients undergoing hemodialysis and those undergoing peritoneal dialysis show slightly different distribution of causes of death. Specifically, hemodialysis patients with serum potassium !4.5 mmol/L were more likely to die of cardiovascular disease than those with serum potassium < 4.5 mmol/L. On the other hand, peritoneal dialysis patients with serum potassium !4.5 mmol/L displayed a tendency to die of infection than those with serum potassium < 4.5 mmol/L, although insignificant. only incident patients but to include both incident and prevalent patients. However, we also observed the similar risk pattern with only incident cases. Another limitation is that laboratory tests were performed independently in each participating center. Therefore, our results should be interpreted in caution.
In summary, our study demonstrated the impact of serum potassium levels on survival, according to dialysis modality. Overall, lower serum potassium levels (<4.5 mmol/L) proved an independent risk factor for ESRD patients undergoing dialysis. HD patients showed a Ushaped, although insignificant, association between lower serum potassium levels and mortality, while PD patients revealed an apparent reverse association between serum potassium levels and mortality. In conclusion, the management of dialysis patients should be focused on reducing the risk of hypokalemia in addition to reducing that of hyperkalemia.
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